Introduction
Shigella is a Gram-negative bacterium responsible for bacillary dysenteria in humans. In its most severe forms, shigellosis is associated with an intense inflammatory reaction that leads to the destruction of the colonic mucosa (Sansonetti, 1998) . The ability of this foodborne pathogen to invade and colonize the colonic epithelium is a key determinant in the establishment of the disease. Upon contact with cultured Hela cells, an epitheloid cell line, Shigella induces the formation of membrane leaflets that raise and merge above the bacterial body to allow its internalization by the cell in a macropinocytic process. The formation of these extensions is determined by actin polymerization at the site of bacterial contact with the cell membrane and, at the peak of the formation of these extensions, numerous cytoskeletal proteins are recruited that form the entry foci. The identification of different steps controlling the entry process, which has undergone considerable progress in the past few years, will be the focus of this review.
The Mxi-spa apparatus allows insertion of a pore into host cell membranes Shigella entry into epithelial cells depends on the activity of a type III secretion apparatus, encoded by the mxi-spa locus. Electron microscopic analysis of negatively stained samples has allowed the visualization of the Mxi-Spa apparatus as a macromolecular structure containing a needle protruding from the bacterial surface, a neck and a bulb that is probably located in the bacterial cytoplasm (Blocker et al., 1999) . As this structure is absent from a Shigella mxiD mutant, it is likely that it corresponds to the Mxi-Spa secretion apparatus. This tripartite structure is reminiscent of the flagella-like structure observed for the Salmonella type III secretion apparatus (Kubori et al., 1998) . Because the Shigella and Salmonella type III secretion apparatus show significant similarities in the primary sequence of their determinants (Hermant et al., 1995) and because they complement each other functionally for secretion in vitro (Rosqvist et al., 1995) , it is likely that they share the same macromolecular structure, although no bulb structure was detected for Salmonella. For Shigella, however, the structural components of the Mxi-Spa`syringe' have not been identified to date, but they do not correspond to the Ipa proteins, which were formerly shown to regulate the secretion of this apparatus . Using red blood cell haemolysis, Blocker et al. (1999) showed that the Mxi-Spa apparatus allowed the insertion into host cell membrane of a complex containing IpaB and IpaC, whose corresponding genes are located on an operon that is divergently transcribed from the mxi-spa operon and are essential for entry (Me Â nard et al., 1993) . Although IpaC may be dispensable for haemolysis, IpaB as well as IpaC are required for the specific formation of a 25-A-diameter pore, as estimated by osmoprotection studies (Blocker et al., 1999) . Together with IpaB and IpaC, the other Shigella proteins IpaA and IpgD, another protein secreted by the Mxi-Spa apparatus, also fractionate with host cell membranes. As opposed to IpaB and IpaC, which, as expected for integral membrane proteins, are found in tight association with host cell membranes, IpaA and IpgD loosely associate with membranes, consistent with a peripheral association after their translocation into the host cell cytosol. Thus, similar to that described for the Yersinia Ysc apparatus (Cornelis and Wolf-Watz, 1997) , the Shigella type III secretion apparatus appears to be devoted to the insertion of a pore in host cell membranes that probably allows translocation of other bacterial effectors. These data are supported by electrophysiological measurements using liposomal membranes, which show that the inserted complex has ion chanelling activity (C. De Geyter, personal communication) .
The mechanism that regulates triggering of the secretion via the Mxi-Spa apparatus upon cell contact is still unclear. It is likely that this triggering implies recognition between bacterial sensors and cell surface components. Proteins such as IpaB or IpaD that regulate the secretion of the Mxi-Spa apparatus are attractive candidates, but there is little evidence that these proteins are constitutively exposed at the bacterial surface, as would be expected for such sensors. Also, there appears to be little specificity towards a particular cell receptor, as many compounds that are presumed to bind to hydrophobic domains can stimulate the Shigella type III secretion (Barhani et al., 1997) . This low specificity could explain how an important fraction of the Ipa proteins is found to be soluble during cell invasion (Me Â nard et al., 1996) , as extracellular components may trigger secretion independently on bacterial association with host cell membranes. Secreted soluble Ipa proteins, however, have no detectable effect on the cell cytoskeleton unless the cells are permeabilized . These results argue that the secreted soluble proteins cannot get access to the cell cytosol, and that the productive secretion implies proper insertion of the IpaB,C-containing complex into the host cell membranes.
A role for surface receptors during Shigella entry?
Because insertion of the IpaB,C complex can occur in liposomes in vitro, this process, and probably translocation of other Shigella effectors, does not require surface receptors. Paradoxically, however, Dr Sasakawa's group, as well as our group, have observed a functional role for receptors such as b1 integrins or CD44, the receptor to hyaluronic acid, during Shigella entry (Watarai et al., 1996; Skoudy et al., 2000) . Furthermore, these receptors were shown to associate with the IpaB,C complex (Watarai et al., 1996; Skoudy et al., 2000) . These findings somewhat contradict the concept that type III secretion systems alleviate the need to trigger signals through cell surface receptors, as bacterial effectors are directly injected within the cell cytosol (Hueck, 1998) .
There are at least two possibilities to conciliate these paradoxical observations. First, it is possible that, on the surface of epithelial cells, receptors are important for the proper insertion of the IpaB,C proteins in host cell membranes, because the insertion in liposomes observed in vitro is highly inefficient and requires that bacterial secretion is triggered by the addition of Congo red (C. De Geyter, personal communication). The association of IpaB with surface receptors may be representative of a transient interaction that occurs between the partially folded IpaB polypeptide during cell contact-induced secretion, as it exits the Mxi-Spa apparatus. This interaction may be involved in triggering the secretion through the Mxi-Spa apparatus, or may help the proper folding of the IpaB,C complex within cell membranes ( Fig. 1) . Alternatively, these receptors could mediate signals upon interaction with IpaB. Although such signalling is not essential for actin polymerization during Shigella entry, receptor-mediated signalling may combine with signals sent by translocated bacterial effectors and participate in efficient bacterial entry. For example, as b1 integrins and CD44 are classically involved in cell adhesion (Burridge et al., 1988; Borland et al., 1998) , it is tempting to speculate that they mediate signals involved in the formation of a transient adhesion structure at the intimate contact between the bacteria and the cell membrane or, perhaps, downregulate the polymerization of actin in the cellular area directly underlying the site of bacterial contact with the cell surface. The difficulty in testing a role for receptor-mediated signalling during Shigella entry is linked to the fact that pore formation is dependent on IpaB and, therefore, conditions the translocation of Shigella effectors into the cell cytosol. Another puzzling point is the multiple functions that have been attributed to IpaB. In addition to its role during Shigella entry, IpaB has been directly implicated in the release of interleukin-1 during macrophage apopotosis by directly binding to the cysteine protease caspase 1/ICE (Zychlinsky et al., 1992; Chen et al., 1996) . It will be important to investigate how these multiple functions are actually linked and how they relate to the location and topology of IpaB at the cell membrane. The identification of a single domain, or of several domains, performing multiple functions will give important clues about the precise role of IpaB during Shigella invasion.
A concerted role for Rho family GTPases during Shigella entry
The GTPases of the Rho family, Cdc42, Rac and Rho, are essential for Shigella uptake by cultured cells . This is despite the fact that these GTPases have been involved in distinct cellular processes. For example, under their activated GTP-bound form, Cdc42 and Rac have been shown to induce actin polymerization through the activation of N-WASP and the Arp2/3 complex (Welch, 1999) ; Cdc42, however, induces the formation of finger-like protrusions termed filopodia, which crawl on the substrate, and of thin extensions called microspikes, whereas Rac determines the formation of pseudopodial structures called lamellipodia and of membrane leaflets called ruffles (Hall, 1998) . Rho, on the other hand, through the activation of myosin, induces the formation of actin stress fibres and focal adhesions, which are macromolecular structures where the cytoskeleton anchors to the cell membrane (Burridge et al., 1988; Kureishi et al., 1997) . In phagocytic processes that are perhaps more relevant for Shigella entry, Cdc42 and Rac are required for Fcg receptor-mediated phagocytosis (Massol et al., 1998) , whereas Rho is more implicated in phagocytosis mediated by CR3 (Caron and Hall, 1998) . The requirement of all three Rho proteins suggests that theses GTPases play distinct roles during Shigella entry.
Consistent with this, Cdc42 and Rac, but not Rho, were found to be essential for actin polymerization during foci formation (Dume Â nil et al., 1999) . When Rho was inhibited by the C3 exoenzyme, however, some important differences could be observed in foci of actin polymerization induced by Shigella. First, although actin polymerized to a significant extent at the site of bacterial contact, Shigellainduced foci of actin polymerization did not form a tight and dense network, and the actin-driven extensions appeared shorter than in foci in untreated cells (Dume Â nil et al., 1999) . Also, ezrin, a cytoskeletal protein massively recruited at the tip of the extensions induced by Shigella, was shown to be important for the development of Shigella extensions at the site of entry (Skoudy et al., 1999) . When Rho is inhibited, however, very little recruitment of ezrin is observed (Dume Â nil et al., 1999) . This indicates that Rho, although not essential for actin polymerization during Shigella entry, is important for the recruitment of ezrin that allows the transformation of the extensions into a structure that is productive for entry. Further evidence for the role of Rho in the organization of Shigella-induced foci of entry was provided by the analysis of role of the Src tyrosine kinase.
Modulation of Rho GTPases dependent responses by the Src tyrosine kinase
Dume Â nil et al. (1998) have previously observed that cells overexpressing a kinase-inactive form of Src do not form actin foci upon challenge with Shigella, indicating that Src is required for actin polymerization during bacterial entry. In addition, cells that express a constitutively active form of Src produce actin foci that appear and disappear more rapidly than those in parental cells (Dume Â nil et al., 1998) , suggesting that Src kinase activity also regulates the formation of actin foci. Interestingly, Shigella-induced foci of actin polymerization in cells expressing constitutively active Src do not show recruitment of ezrin (Dume Â nil et al., 1999) , raising the possibility that Src kinase activity prevents recruitment of ezrin by downmodulating Rhodependent responses. p190RhoGAP, a factor that associates with Rho and stimulates its intrinsic GTPase activity (Foster et al., 1994) , emerges as an attractive candidate involved in the downregulation of Rho by Src (Settleman et al., 1992) . Indeed, p190RhoGAP is tyrosylphosphorylated in a Src-dependent manner, and its levels of association with Rho are dependent on its state of tyrosylphosphorylation (Dume Â nil et al., 1999) . Interestingly, Src is recruited at the Shigella-induced actin foci, but this recruitment is dependent on Rho activity (Dume Â nil et al., 1999) . It has been suggested that Rho allows the formation of actin structures that are required for proper targeting of structural components, as well as of Src, at the levels of focal adhesion (Fincham et al., 1996) . It is Shigella entry into epithelial cells 189 possible that similar Rho-dependent structures are required for recruitment of Src at Shigella-induced actin foci. Thus, a negative regulatory loop may occur during Shigella entry, whereby Rho activation allows recruitment of cytoskeletal proteins, such as ezrin, that are important for the organization of the cell extensions into a productive entry site. Concomitantly, Rho allows the recruitment of Src at the entry site, whose kinase activity, in turn, downregulates Rho activity (Fig. 2) .
IpaC determines actin polymerization¼
Although Ipa proteins, which are the major Shigella proteins secreted upon cell contact, have been suspected for a long time to be the direct effectors of cell entry, no direct evidence for this was provided until recently. One of the major problems associated with the genetic analysis resulted from pleiotropic effects linked to mutations in ipa genes. Because IpaB and IpaC participate in the formation of a pore into host membranes, a defect in these proteins probably results in major translocation defects of bacterial effectors into the cell cytosol. In addition, Shigella ipaB or ipaD mutants, as well as a mutant harbouring a deletion of the ipa operon, show a constitutive secretory activity of the Mxi-Spa apparatus , indicating that IpaB and IpaD regulate this secretion system. ipa mutants may therefore be deficient for entry because they are defective for secretion or translocation of bacterial determinants required for bacterial entry. The first direct hint of a role for the IpaB,C complex in Shigella entry was provided by the observation that latex beads coated with this complex isolated from the supernatant of bacterial cultures were internalized by epithelial cells (Me Â nard et al., 1996) . Cytoskeletal rearrangements during the internalization of these beads, however, were not as prominent as those observed with Shigella (Me Â nard et al., 1996) . These results are not surprising in view of the role of pore formation mediated by this complex during bacterial entry, as it is unlikely that the IpaB,C complex immobilized at the Fig. 2 . Bacterial signals and cell responses during Shigella entry. The C-terminus of IpaC accesses the cell cytosol and induces actin polymerization by activating Cdc42 and Rac (A). Rho activation is required for the organization of the entry structure by allowing the recruitment of cytoskeletal proteins, such as ezrin, but also leads to recruitment of the Src tyrosine kinase, which, in turn, downregulates Rho activity (B). Once translocated in the cell cytosol, IpaA binds to vinculin, and the vinculin± IpaA complex allows the formation of an adhesion-like structure at the site of bacterial contact with the cell membrane (C), but is also involved in the transformation of filopodial extensions into leaflet structures, probably through its Factin-depolymerizing activity (C). A concerted action of Ipa proteins leads to Shigella internalization by the cell in a large vacuole (D).
surface of beads can insert efficiently into host cell membranes. Furthermore, because Shigella proteins that are secreted by the Mxi-Spa apparatus have no detectable effect on the cell cytoskeleton when added to cultured cells (unpublished), it is unlikely that bacterial effectors of entry recovered from in vitro-grown bacteria can translocate efficiently into the cell cytosol. Thus, although these experiments strongly suggest that the IpaB,C complex is directly responsible for Shigella entry, the precise mechanism involved in bead internalization mediated by this complex is unclear.
Based on the assumption that bacterial effectors were translocated into the host cell cytosol via the Mxi-Spa apparatus, a semi-permeabilized cell assay was designed to identify products of Shigella responsible for the polymerization of actin during entry . Using such an assay, it was shown that, among the proteins secreted by the Mxi-Spa apparatus, IpaC purified from the supernatant of the constitutively secreting ipaB or ipaD mutant strains was necessary and sufficient to promote the formation of filopodial extensions localized at the edges of fibroblastic cells . These extensions, which appear within seconds after exposure of permeabilized cells to IpaC, rapidly fill in to form membrane leaflets. Interestingly, a monoclonal antibody directed against the carboxy-terminus of IpaC inhibited the formation of these extensions, whereas an anti-N-terminus antibody stimulated the formation of lamellipodial extensions by IpaC that could encompass large areas of the cell periphery . As IpaC contains a large a-helical hydrophobic stretch (residues 100±150) between the domains recognized by these antibodies, which presumably spans the membrane, these results suggest that the carboxy-terminus of IpaC is involved in actin polymerization that leads to the formation of cell extensions, whereas its amino-terminus is involved in the conversion of filopodial extensions into lamellipodial extensions. A dominant-negative form of Cdc42 (N17Cdc42) inhibited most extensions induced by IpaC, whereas a dominantnegative form of Rac (N17Rac) mostly inhibited IpaCinduced lamellipodial structures. These results indicate that most extensions induced by IpaC are derived from Cdc42 activation, whereas the lamellipodial extensions probably result from Rac activation induced by Cdc42, in line with the cascade that was described previously to link these GTPases (Hall, 1998) . These results also suggest that IpaC acts upstream of Cdc42. Consistent with this, and unlike its Salmonella counterpart SipC (Hayward and Koronakis, 1999) , IpaC does not appear to induce actin nucleation and polymerization directly in vitro (unpublished results). Furthermore, unlike what has been described for the Salmonella SopE protein that is injected in the cell cytosol during bacterial entry (Hardt, 1998) , no exchange factor (GEF) activity for these GTPases could be detected, suggesting that IpaC activates Cdc42 and Rac by an original mechanism.
¼whereas IpaA induces actin depolymerization Actin polymerization is required, but only corresponds to an initial step in the series of events that lead to Shigella internalization. By analogy with other phagocytic processes, downregulation of Rho GTPases also needs to occur to allow completion of bacterial internalization (Massol et al., 1998) . For example, SptP, another Salmonella protein that is injected in the cytosol during bacterial entry, acts as a GAP (GTPase-activating protein) for Rho GTPases that stimulates the switch towards the GDP-bound inactive form and, therefore, counterbalances the effect of the SopE protein (Fu and Galan, 1999) . Shigella does not possess a homologue of SptP, but IpaA could play a similar role by a different mechanism.
Although Shigella ipaA±D mutants are affected for virulence in the rabbit intestinal loop model, only ipaB, C and D mutants are totally defective for entry into cultured epithelial cells (Me Â nard et al., 1993) , whereas ipaA mutants enter 10-fold less efficiently than wild-type Shigella (Tran Van Nhieu et al., 1997) . During cell contact, the ipaA mutant induces polymerization of actin that remains particularly intense in the vicinity of the bacterium contacting the host cell, whereas much less polymerized actin is observed for wild-type Shigella once bacterial internalization is completed. Furthermore, actin foci induced by the ipaA mutant consist of extensions that do not organize as those induced by wild-type Shigella. These extensions appear as disorganized filopodia, and the vinculin-rich structure, which is observed for foci induced by wild-type Shigella at the intimate contact between the bacteria and the cell membrane, is not detected (Tran Van Nhieu et al., 1997) . Thus, IpaA appears to be involved in organizing the extensions induced by IpaC into a structure that is productive for bacterial entry. In line with its role in cytoskeletal reorganization, IpaA binds directly to vinculin (Tran Van Nhieu et al., 1997), a focal adhesion protein that regulates anchoring of actin filaments to the cell membrane (Burridge et al., 1988) . The effects of IpaA on the association of vinculin with actin filaments was investigated in vitro. When actin filaments are stabilized with the fungus toxin phalloidin, IpaA stimulates the association of vinculin with F-actin (Bourdet-Sicard et al., 1999) . Such stimulation of vinculin attachment to F-actin may be induced by phosphatidylinositol (4,5)-bisphosphate (PIP 2 ) (Gilmore and Burridge, 1996) but, remarkably, IpaA represents the first protein identified to date to show such an activity on vinculin. Furthermore, the increase in Shigella entry into epithelial cells 191 F-actin association observed with IpaA is about an order of magnitude superior to that observed for PIP 2 . IpaA, however, does not provide an adequate molecular tool for characterizing the cellular effects of vinculin association with actin filaments. Indeed, when actin filaments are not stabilized with phalloidin and when the pH of the incubation reaction is strictly monitored between 7.0 and 7.5, IpaA promotes actin depolymerization in a vinculindependent manner that is also accompanied by the formation of a few thick bundles of actin filaments detectable by electron microscopy (Bourdet-Sicard et al., 1999) . Interestingly, microinjection of IpaA results mainly in a disappearance of actin cables, but a significant fraction of microinjected cells also shows short and thick bundles of actin filaments oriented radially from the nucleus towards the cell periphery (Bourdet-Sicard et al., 1999) . Although the precise reasons for the different effects are not clear, these results indicate that IpaA induces association of vinculin with F-actin and that, under certain conditions, the complex can depolymerize actin filaments. Whether vinculin plays an active role in actin depolymerization by targeting the complex at specific sites on actin filaments has not been substantiated so far. Surprisingly, SipA, the Salmonella homologue of IpaA, was reported to have the opposite function to IpaA and to stabilize actin filaments by a phalloidin-like mechanism (Zhou et al., 1999) . It will be interesting to determine whether the opposite activities of IpaA and SipA reflect different functions that need to be analysed in the specific context of the other Salmonella or Shigella effectors of entry.
Perspectives
Several fascinating questions emerge from the study of Shigella entry. Activation of Rho GTPases induced by Shigella is monitored by a simultaneous activation of the Src tyrosine kinase: as developed above, this is true for Rho itself, but is also true for the nucleation of Shigellainduced actin foci that requires both Cdc42/Rac and Src. The fact that activation of Cdc42 or Rac is sufficient to induce actin polymerization independently on Src during physiological stimuli indicates that Shigella-induced actin foci present another level of complexity, in which Src could intervene either by modulating the responses downstream of these GTPases, or by allowing the organization of the entry structure. Besides the in vitro dissection of the molecular mechanisms implicating the Ipa proteins involved in actin polymerization or depolymerization, it will be interesting to determine whether these activities are spatiotemporally regulated during entry and how they connect with the various cell responses. Also, Shigella proteins other than the Ipas may also participate in bacterial entry by fine-tuning the activities of Ipa proteins and cell responses. Such effectors could play a role at very specific steps of the entry process, but could also regulate the activity of the Ipa proteins.
